Learning Objectives: On successful completion of this activity, participants should be able to (1) list 3 factors that affect the radiation dose from radiopharmaceuticals; (2) describe 4 ways to reduce the radiation dose from CT; (3) define the difference between target organ and effective dose; (4) describe how the radiation dose for children, particularly girls, differs from that for adults; (5) describe 3 ways to communicate radiation dose and risk to patients and parents; and (6) list 3 ways in which the radiation dose from pediatric nuclear medicine may be reduced.
ogy, orthopedics, organ transplantation, and surgery. Because of its high sensitivity, nuclear medicine often can detect disease in its earliest stages, allowing for early treatment. The noninvasive nature of nuclear medicine makes it an extremely useful diagnostic tool for the evaluation of children. It provides valuable diagnostic information that may not be easily obtained by other diagnostic imaging methods, some of which may be more invasive or result in higher radiation exposures (1, 2) .
Nuclear medicine involves the administration of small amounts of radiopharmaceuticals that emit radiations such as g-rays, x-rays, b-particles, or positrons. This emission exposes the patient to low levels of ionizing radiation that might lead to detrimental health effects, of which carcinogenesis is the primary concern. In the dose range associated with most nuclear medicine procedures, there are limited human epidemiologic data, and mechanistic biologic observations can be contradictory. Nevertheless, the consensus is that it is prudent to assume that the risk at these lower doses can best be estimated by a linear extrapolation from higher doses for radiation protection purposes (3) .
The past quarter-century has seen a remarkable increase in the use of medical imaging (4) (5) (6) . In the United States, the number of CT scans performed has increased nearly 4-fold from 18 to over 60 million scans a year in the past 25 y. The total number of nuclear medicine procedures in the United States has increased by almost 3-fold from 6.3 to 18.1 million procedures from 1984 to 2006 (Fig. 1) , with approximately 1% of these procedures being performed on children (4) . When the number and distribution of pediatric radiologic and nuclear medicine procedures in the United States were investigated through a review of health insurance records of over 350,000 children (7), 42 .5% of the children had at least 1 radiologic examination in the 3 y covered by the study. It was estimated that, on average, a child will receive 7 radiologic examinations by the age of 18. The most common procedure was a plain radiograph (84.7% of the studies performed), followed by CT (11.9%), fluoroscopy or angiography (2.5%), and nuclear medicine (0.9%).
The mean annual per capita effective dose from medical radiation in the United States rose from 0.5 to 3 mSv between 1980 and 2006 ( Fig. 2) (6) . Approximately half of this exposure is due to CT (1.47 mSv), and one quarter is due to nuclear medicine (0.77 mSv). These statistics primarily reflect medical imaging of adults. Most of the cumulative dose for nuclear medicine comes from myocardial perfusion imaging, a procedure not frequently performed on children, with only about 0.1% of nuclear cardiac scans being performed on children (4) . Another study based on health claims of patients 18-65 y old in the United States over a 3-y period estimated a slightly lower mean annual per capita dose from medical radiation (2.4 mSv), perhaps because patients over 65 y and those in the last few months of life were excluded (8) . The individual dose distribution is skewed, with a median dose of 0.1 mSv. Thirty-one percent of the patients did not receive a radiographic examination during the 3-y study, whereas 80% received an annual cumulative effective dose from medical imaging of less than 3 mSv, 18% received between 3 and 18 mSv, and less than 2% received more than 20 mSv. Although these data are in adults, the pediatric population probably shows a similar trend, with most children receiving little or no radiation whereas a few receive a higher cumulative effective dose.
In the United States, there has been recent concern by the media and the public about this increasing use of medical imaging (9, 10) . The importance of properly trained personnel and adequate quality control programs has been stressed as a means of protecting the public from exposure to undue levels of radiation (11, 12) . However, the deliberations of both the public and regulatory agencies have generally not focused on the exposure of children.
To understand the potential hazard resulting from pediatric nuclear medicine, it is essential to have a fundamental understanding of radiation dosimetry, radiation risk, and how this risk may vary in children relative to adults. It is also important to communicate the nature of these risks to our patients and their families. This article will review the basics of radiation dosimetry for nuclear medicine, including hybrid imaging (PET/CT and SPECT/CT). The scientific basis of the estimation of radiation risk will be discussed, with attention to how risk varies with age at the time of exposure. Radiation risk will be discussed in the context of pediatric nuclear medicine so that nuclear medicine practitioners can make informed decisions about its use and are able to discuss radiation risk with their patients and their parents. Lastly, approaches to reducing radiation dose, and thereby risk, from pediatric examinations will be presented.
DOSIMETRY OF PEDIATRIC NUCLEAR MEDICINE

Dosimetry of Radiopharmaceuticals
The dosimetry of nuclear medicine can be summarized by the basic equation developed by the MIRD Committee (13, 14) .
Eq. 1
where D(r T ) is the radiation dose to a particular target organ (r T ), Ã (r S ) is the time-integrated activity in a selected source organ (r S ), and S(r T )r S ) is the radionuclide-specific quantity representing the mean dose to the target organ per unit activity present in the source organ. S S indicates summing over all source organs in which the radiopharmaceutical distributes. S(r T )r S ) is given by
where D i is the mean energy per nuclear transformation for the i th radiation emitted by the radiopharmaceutical, u i is the fraction of energy emitted by the i th radiation from the source organ that is absorbed by the target organ, and M T is the mass of the target organ. S i indicates summing over all radiations, i, emitted from the radiopharmaceutical. For any particular radiopharmaceutical, there may be several source organs that must be considered. For example, with 18 F-FDG the source organs include the brain, heart, and liver. For each source organ, the radiation dose is calculated and summed to determine the total dose to the target organ. The radiopharmaceutical dose to children varies from that to an adult for several reasons, particularly the patient size. The absorbed fractions and organ masses of children differ from those of adults because the organs of children are smaller and closer together. Tables of S values for patients of different ages can be used to estimate the radiation dose to children (15, 16) . These models traditionally have used simple shapes representing the organs. Voxel-based models are more realistic but more complicated, leading to intensive calculations that can provide more accurate dose estimations (17) (18) (19) .
Using this method, one can estimate the radiation dose to organs of patients of different sizes and ages. The organ receiving the highest dose is referred to as the critical organ. In addition, one can calculate the effective dose, which is a weighted sum of the individual organ doses based on the biologic radiosensitivity of each organ (20, 21) . In an adult, the weights are selected such that an effective dose in millisieverts carries the same risk of adverse biologic effect as a uniform whole-body-dose equivalent of the same magnitude. These weights represent crude averages across the adult population (without attention to age and sex) and do not necessarily reflect the risks to the pediatric population.
From these models and assumptions, tables of organ doses and effective doses have been generated for application to the pediatric population (22) (23) (24) (25) (26) . Table 1 lists dosimetric estimates for several procedures common to pediatric nuclear medicine. It includes estimates of both critical organ and effective doses. For each procedure, a particular maximum administered activity is assumed and the administered activity for smaller patients is scaled by patient weight. These estimates are averages over a wide range of patients at each age. They do not take into consideration individual differences in anatomy and physiology from the standard models. A particular patient's body may vary from the standard with respect to size, weight, shape, organ orientation, and distances from other organs. Thus, the absorbed fraction and organ mass vary from patient to patient. These models also make assumptions with respect to the amount of radioactivity that went to each source organ, including rates for uptake and clearance of the radiopharmaceutical from that organ. For example, the models for 99m Tc-mercaptoacetyltriglycine (MAG3) assume normal clearance from the kidneys, but clearance might not be normal in some patients having this scan. Application of pediatric models is problematic because children can vary greatly in body size and habitus (e.g., one 10-y-old may weigh 30 kg and another 60 kg). Also, these models are based on adult physiology, and such a basis may not be appropriate for children. Therefore, the radiation dose to a particular patient may vary by as much as 100%-200% from these estimates. These methods were developed for estimating the average dose to a population and should not be used to estimate the dose to a specific patient.
These estimates indicate that the effective dose for typical nuclear medicine procedures is in the same range as many radiographic procedures. Table 2 lists the estimated effective dose to adults for a wide range of imaging procedures, including nuclear medicine (23) (24) (25) (26) . The estimates for nuclear medicine were taken from the adult effective doses listed in Table 1 , except for 99m Tc-radionuclide cystography, which is performed only in children (27) .
Dosimetry of CT
Hybrid imaging, including PET/CT and SPECT/CT, has become a standard component of medical imaging (28, 29) . The combination of the anatomic information from CT and the functional information from PET and SPECT provides clinicians with essential information not attainable from either study alone. In addition, the CT information can be used for attenuation correction and anatomic localization.
In CT, x-rays are emitted that expose the patient to ionizing radiation. The dosimetry associated with CT in PET/CT has been described previously (30) (31) (32) . The number of x-rays emitted can be controlled by adjusting various CT acquisition parameters, including the tube voltage (kVp) and the tube current-time product (mAs). The tube current may be modulated during acquisition such that fewer x-rays are emitted through thinner or less attenuating parts (e.g., the lungs) of the body. CT may be acquired over a limited field of view. For example, a SPECT/CT scan looking for parathyroid adenomas may include the neck and thorax, whereas an oncologic PET/ CT scan may extend from the base of the patient's skull to the mid thighs. When CT is acquired in a helical fashion, the speed of the traversing bed defines the time required to scan the selected volume. This is expressed as pitch, which is the distance traversed by the bed during 1 rotation of the x-ray tube divided by the collimated beam width. Thus, a higher pitch (faster bed speed) leads to a lower dose.
The radiation dose delivered by CT to defined locations within standard cylindric acrylic phantoms (16-and 32-cm diameter for the head and whole-body phantoms, respectively) is referred to as the CT dose index (CTDI in units of mGy). If CTDI is averaged over several locations within the phantom (central and peripheral) and normalized by the pitch, it is referred to as CTDI vol . The dose-length product (in units of mGy-cm) is the product of the CTDI vol and the axial length of the CT acquisition. Values of CTDI vol and dose-length product are typically displayed on the CT operator's console during an acquisition.
These values do not represent the radiation dose to a particular patient but to the standard phantoms. A series of anthropomorphic phantoms composed of tissue-equivalent material has been used to estimate the radiation dose from CT in both PET/CT and SPECT/CT to patients of varying sizes (Table 3 ) (30) . For the same CT acquisition parameters, the dose to a newborn is approximately twice that to a medium-sized adult. Several groups have developed and used computerized phantoms for the estimation of CT dose to children and have corroborated these findings (17, 18) . Therefore, CT acquisition parameters should be reduced for smaller patients (33, 34) . As with radiopharmaceutical dosimetry, these estimates are averages for patients of different ages, and the radiation dose to a particular individual may vary.
RADIATION RISK IN CHILDREN
Assessing the risk associated with exposure to ionizing radiation involves applying models that use both epidemiologic and biologic data to extrapolate from the available data to the dosimetric region of interest. Such extrapolation is not straightforward. Much of the current understanding about the risk of exposure to ionizing radiation for humans is based on the Life Span Study of the survivors of the bombings of Hiroshima and Nagasaki as reported by the Radiation Effects Research Foundation (35) (36) (37) (38) (39) . A recent review of these data (through 1997) showed that the cancers occurring in excess included lung, breast, thyroid, bone, and leukemia. Between 1950 and 1997, 87,000 people were followed, and it is estimated that there have been 440 excess cases of cancer in this population due to radiation exposure, with a clear relationship between cancer risk and the amount of radiation received ( Fig. 3) (36) . This study is often characterized as a study of high dose, because the subjects who received higher doses (.0.2 Gy) represented most of the cases of excess cancer. However, 80% of the subjects received less than 0.1 Gy. Ten percent of the total excess cancer deaths occurred in the population that received 0.005-0.10 Gy (an excess of 44 of a total of 3,277 cancer deaths in a population of 32,000 subjects), a dose range that is similar to that received by many of our patients, particularly those receiving more than 1 scan.
The Life Span Study also demonstrates that the risk of ionizing radiation varies with both age and sex. Younger subjects had a significantly higher risk than older subjects. This higher risk has been attributed to 2 causes: first, the tissues of younger subjects are more radiosensitive because they are actively growing and, second, younger subjects have a longer life span than adults, allowing a longer time for the risk to be realized. Girls demonstrated a higher risk for cancer induction than boys by almost 50%, which is, in large part, attributable to the excess risk of breast cancer in this population. These higher sensitivities in younger subjects, and girls specifically, will be discussed in the context of evaluating the radiation risk in pediatric nuclear medicine.
Many other epidemiologic studies have assessed risk from ionizing radiation. These include studies of occupational exposure in radium dial painters, uranium and hard rock miners, and radiation shipyard workers. Studies of medical exposure have included patients receiving radiation as treatment for a variety of conditions, including tinea capitis, ankylosing spondylitis, and thymus enlargement, and patients undergoing multiple fluoroscopic sessions during treatment for tuberculosis (3, 5) . In general, the findings from these studies have tended to corroborate the findings from the Life Span Study. For example, several epidemiologic studies, including the Life Span Study, are in reasonable agreement about the estimated radiation risk for thyroid cancer (Fig. 4) . Most of these exposures were in children (40) .
Epidemiologic approaches are limited in their ability to demonstrate small health effects, even if these effects have a substantial impact on the health of the population. For example, it is difficult for epidemiology to demonstrate that a particular exposure led to an increased disease rate of a few percentage points. To have adequate statistical power, such as study would need to involve a large number of subjects (hundreds of thousands or perhaps millions). However, in such a large study it becomes exceedingly difficult to control the heterogeneity of the population, making the study all the more difficult. The Life Span Study has followed subjects of both sexes and all ages who had a wide range of exposure levels. This study has provided a wealth of information, but its design has made it difficult to address specific, focused questions about radiation risk, particularly at low doses.
For these reasons, epidemiologic findings should be augmented by biologic investigations that use experimental animals or cell cultures, allowing greater control over experimental conditions. However, extrapolating from the results of these experiments to the human population can present many challenges. For example, if the results of biologic experiments are contradictory, it can be difficult to draw a useful inference in the context of risk to human populations. Despite this, biologic experiments have provided much insight into the nature of the biologic effects of ionizing radiation.
The target of greatest interest with respect to the health effects of ionizing radiation is the DNA within the cell (41). This damage can be direct when ionizations caused by the radiation lead to specific changes within the DNA. However, in most cases of interest to nuclear medicine, the damage is indirect: the passage of the radiation leads to radiolysis of water molecules within the tissue, causing the formation of free radicals that subsequently interact with the DNA. In some cases, the damaged component of the genetic material is essential for cell survival, and the cell may die or not be able to undergo proper mitosis. The removal of these cells will not contribute to late radiation effects such as carcinogenesis. Instead, late effects occur when the cell survives the initial genetic damage. The consequences of this damage All data were acquired with tube voltage of 120 kVp, rotation speed of 0.8 s, and pitch of 1.5:1. All data were acquired with 160 mA and linearly scaled for the various tube currents shown here (30) . manifest later, perhaps decades after the initial exposure. Such late effects may result from genomic instability due to the initial radiation damage. Cells that are growing rapidly and undergoing mitosis at a higher rate may be more susceptible to late radiation effects than those that are growing more slowly.
There also may be secondary effects of radiation exposure that alter the level of cellular damage within exposed tissue. Some cellular experiments have demonstrated a bystander effect in which cells that have been specifically damaged by the radiation can lead to deleterious alterations in neighboring cells. In this case, the tissue damage would be higher than would be expected from considering only the particular cells damaged by sparsely ionizing radiation. On the other hand, there may be situations in which a low radiation exposure leads to a lessened response.
EVALUATION OF RADIATION RISK FOR PEDIATRIC NUCLEAR MEDICINE
In 2007, the Biologic Effects of Ionizing Radiation Committee of the National Academy of Sciences of the United States reviewed the current epidemiologic and biologic data and developed models of radiation risk as a function of dose, sex, and age at the time of exposure as reported in the biological effects of ionizing radiation (BEIR) VII phase 2 report (3). As seen in Figure 3 , to make inferences with respect to risk in the dose realm of interest for nuclear medicine, one must extrapolate from the more defined data at high dose levels (42) . Figure 5 illustrates several extrapolation models, including a simple linear model (R } D, where R is risk and D is dose), a super linear model, and a hormetic model. There may also be a threshold dose below which there is no risk, presumably because of repair of radiation damage. A linear quadratic model (R } aD 1 bD 2 ) (not shown) may also be considered. On the basis of the available data, the BEIR VII phase 2 report recommended the use of a linear no-threshold model for solid tumors and a linear quadratic model for leukemia. The choice of model is a subject of some controversy (43) (44) (45) (46) . The Academie de Sciences-Institut de France, reviewing the same material, reached a very different conclusion: "While [the linear no-threshold model] may be useful for the administrative organization of radioprotection, its use for assessing carcinogenic risks, induced by low doses, such as those delivered by diagnostic radiology or the nuclear industry, is not based on valid scientific data." (47) Despite these different viewpoints, it is considered prudent to use the models recommended by the BEIR VII phase 2 report (3). The risk estimates provided by these models can be presented in terms of either absolute or relative risk. With absolute risk, the number of excess cases over the natural risk is estimated, whereas with relative risk the percentage increase in the natural risk is calculated. Figure 6 plots the lifetime excess absolute risk of mortality from cancer resulting from a whole-body exposure of 10 mSv as a function of age at exposure for both males and females. The value of 10 mSv was chosen because it is slightly higher than the effective dose estimation for many pediatric nuclear medicine procedures. Table 4 lists the lifetime excess absolute risk of mortality for breast, lung, and colon cancer; total solid tumors; and leukemia for a newborn, 10-y-old, and 40-y-old from a whole-body exposure of 10 mSv. For solid tumors, there is a higher risk associated with sex, as well as for those exposed at a younger age. For a fixed radiation dose, a 10-yold experiences about twice the risk and a newborn about 3 times the risk of a 40-y-old. In addition, the risk is approximately 50% higher for girls than for boys. Conversely, the risk of mortality from leukemia is higher for males as compared with females and does not vary with age. Combining these factors, the BEIR VII models indicate that the sexaveraged lifetime risk of dying of cancer from exposure to FIGURE 4. Excess relative risk per dose (ERR/Gy) of thyroid cancer from 6 epidemiologic studies including Life Span Study. Excess relative risk is traditional relative risk minus 1 (e.g., if relative risk is 2.5, then excess relative risk is 1.5) and represents fractional increase in natural disease rate as result of exposure in question. h 5 value adjusted for nonzero intercept because lower bound was less than zero. Most subjects in these studies were children. Results show consistency. (Reprinted with permission of (40).) 10 mSv (1 rem) is approximately 1 in 700, 1,000, and 2,000 for a 1-y-old, 10-y-old, and 40-y-old, respectively (Fig. 6) .
Several recent reports have related radiation risk to medical imaging, typically CT but in some cases nuclear medicine (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) . Some reports specifically addressed exposure of pediatric patients (58) (59) (60) . The risk to patients of a certain age for a particular radiologic or nuclear medicine procedure will depend on the dose delivered to each radiosensitive organ and the risk of cancer induction for that organ. When the administered activity is scaled by weight, the radiation dose to the patient is slightly less for smaller patients than for larger patients (Table 1) . Conversely, the radiation risk per unit dose increases in younger patients. To some extent, these 2 effects compensate for each other. Table 5 uses as an example a renal 99m Tc-MAG3 scan. Patients of several ages are considered, and the administered activity based on scaling by weight is given, from which the effective dose is estimated. From Figure 6 , the radiation risk for cancer mortality is estimated and multiplied by the effective dose to provide an estimate of the risk for that age patient. This is a rough estimate, and a more careful analysis would have used organ doses rather than the effective dose. This example suggests that a convenient working model may be that children experience a similar risk that is roughly twice the risk of an adult of developing cancer from nuclear medicine procedures.
COMMUNICATION OF RISK TO PARENTS AND CHILDREN
Media reports about the medical use of radiation have increased, and the general public has shown increased interest in this topic. It is more important than ever that nuclear medicine practitioners-including physicians, physicists, technologists, and other members of patient care teams-be able to effectively communicate with their physician colleagues and with patients and families about the medical use of radiation, the level of radiation exposure, and its potential risk. Perceptions about radiation can vary widely among scientists and the public (61) . The awareness of radiation protection among our pediatrician colleagues is generally low, and thus we need to be prepared to discuss these issues and to answer any questions they may have (62) .
When patients or their parents ask about radiation dose, what they are really asking about is risk. Often, it is no longer sufficient to merely indicate that our procedures are safe. We need to reassure our patients and their families that we understand their concerns and that every precaution has been taken to ensure that the appropriate test is being performed, one that will provide their doctor with the best diagnostic information and will expose the patient to the least radiation possible. Experience has shown that parents can be provided with dosimetric and risk information, including a discussion that exposure to radiation may possibly lead to an increased risk of cancer, and that such information typically does not adversely affect their willingness to have their child undergo appropriate medical imaging tests (63, 64) .
Many methods can be used in explaining these concepts. The "Image Gently" campaign was developed by the Alli- ance for Radiation Safety in Pediatric Imaging, which includes the Society for Pediatric Radiology, the American College of Radiology, the American Association of Physicists in Medicine, the Society of Nuclear Medicine (SNM), and the SNM Technologist Section. It initially focused on CT exposure but has now broadened its attention to include other modalities, such as nuclear medicine. This campaign seeks to increase awareness about lowering radiation dose in the imaging of children and to provide information for parents and patients about medical imaging and radiation risk (65, 66) . A group representing the SNM, the Society for Pediatric Radiology, and the American College of Radiology in conjunction with Image Gently developed a brochure for patients and families that discusses the value of nuclear medicine, the hazards of radiation exposure, and efforts to reduce dose (67) . Some nuclear medicine clinics may want to develop their own materials that address the issues and concerns of their unique patient population. For example, clinics with a significant pediatric oncologic practice may want to include in their patient education materials a specific discussion about PET. Before a nuclear medicine procedure, many patients and their families may ask specific questions about the radiation involved and what effect it might have on their health. Nuclear medicine professionals should be prepared to answer these questions in a clear and assuring manner. It is best if all members of the nuclear medicine clinic have discussed these issues ahead of time so that the patient receives consistent explanations. It should be clear which questions the technologists are comfortable answering themselves and when the discussion should be referred to a physician, a medical physicist, or an expert in radiation safety. Thus, the patient can be presented with clear, concise, and correct information in a confident manner. The most effective way to communicate issues about radiation risk to the public continues to be a topic of discussion (68) . It is likely that many parents have seen news or Internet reports about radiation exposure from medical imaging. Thus, parents and older children come equipped with greater knowledge about radiation and imaging procedures than in the past. Younger children may not have the conceptual ability to comprehend these issues, but teenage patients may very well have seen media coverage of these subjects or even have discussed them in the classroom. They may have some basic understanding and know that exposure to radiation may cause harm, but they will want to know how this specifically applies to their situation. A reasonable approach is to discuss with patients and their families that we will be administering a small amount radioactivity to perform a study that emits radiation similar to that emitted by x-ray machines. This exposure might lead to a slight increase in the risk of contracting cancer sometime in their lifetime. Quantitative estimates of the effective dose, in millisieverts, associated with a procedure may be of limited use, as most patients or parents are unlikely to have a context in which to interpret this information. Comparing the effective dose of a nuclear medicine study with other radiologic procedures (such as a chest radiograph or a CT scan) may also be of little help because the patients or parents may not know if these studies represent small or large exposures. Probably more easily understood would be an explanation that the radiation dose from the procedure is generally in the range of many other radiologic tests and is on the same order as that individuals get from natural background radiation in 1 y. In addition, the dose to the parent from the radioactivity administered to his or her child is on the order of the radiation one would receive during a transcontinental flight (4) . Consistent with the linear no-threshold model recommended by BEIR VII, one should explain that each exposure carries its own small risk and that there is no cumulative threshold above which the patient is considered to be at greater, significant risk.
Sometimes, patients and their families may request a more quantitative estimate of the risk, and one needs to consider how best to communicate this. As an example, consider the risk of a 10-y-old who receives a 99m Tc-methylene diphosphonate (MDP) bone scan with an estimated effective dose of 3.9 mSv ( Table 1 ). The probability of potentially developing fatal cancer as a result of this exposure has been estimated to be about 1 in 2,560. One study suggested that describing the magnitude of risk in pictorial terms such as a pie chart may be the most effective approach for children and parents (68) . A pictorial approach is demonstrated in Figure 7 , which consists of 2,500 small circles each representing a child who received a 99m Tc-MDP bone scan. The red star in the lower right corner represents the 1 individual in the 2,500 who may develop fatal cancer later in life. Using a verbal descriptive approach (e.g., if 2,500 children receive a 99m Tc-MDP bone scan, 1 of those may develop fatal cancer as a result) or representing the risks in terms of percentages (e.g., 0.04% of children receiving a 99m Tc-MDP bone scan may develop fatal cancer) also was found to be effective; however, subjects were, in general, less confident that they understood the information being provided than with graphic approaches. Least effective was providing the data as a proportion (e.g., 1 in 2,500 children receiving a 99m Tc-MDP bone scan may contract fatal cancer); many children and parents mistakenly interpret 1 in 500 as a higher risk than 1 in 100. Presenting risk information in a consistent fashion was found to be more effective than presenting a mixed approach. Patients and parents may need some insight as to the context in which to view this risk information. One can state that practically all medical procedures and interventions, even the administration of prescription medicines, have side effects and risks associated with them, and radiation exposure from medical imaging is no different. Within the spectrum of medical interventions, nuclear medicine is considered a safe procedure. One can also compare the cancer risk associated with radiation exposure to the natural risk of cancer. In the United States, approximately 22% of the population will die of cancer (69) . This risk can be compared with the 0.04% increased risk for a child receiving a 99m Tc-MDP bone scan. Another way of presenting these data is that of 2,500 children who receive a 99m Tc-MDP bone scan, approximately 550 will naturally die of cancer sometime in their life and 1 additional case may be due to the radiation exposure from the 99m Tc-MDP bone scan. This is illustrated in Figure 7 , where the 550 dark blue circles represent the individuals who will naturally die of cancer in their lives.
An alternative approach would be to compare the risk associated with radiation from medical imaging to other lifetime risks. Table 6 lists the lifetime risk of death from several activities over the entire U.S. population (69) . In the table, the value 304 for the lifetime risk of dying while riding in a car indicates that 1 of 304 Americans will die as a result of an accident while riding in a car during his or her lifetime. Also listed are estimates of the risk of cancer mortality for a 10-y-old and a 40-y-old receiving a 99m Tc-MDP bone scan and a 18 F FDG PET scan. In this context, the additional risk for cancer fatality for a 10-y-old (1 in 1,500 from a PET scan and 1 in 2,500 from a bone scan) compares to other uncommon causes of death such as being caught in a fire or falling down a flight of stairs and is much less likely than dying as the result of an assault or an accident while riding in a car or walking. Thus, it can be shown that exposure to radiation from nuclear medicine presents a very low risk to the patient.
The best way to discuss radiation risk depends on the individual circumstances. For example, an individual who recently lost a family member to a fall from a ladder or bicycle accident may overestimate the likelihood of these rare events. However, it is essential to provide accurate information in a clear, concise, and professional manner. Any discussion of risk should include the specific benefits of the procedure to the patient. Patients and families want to be assured that the benefits far outweigh any health risk of the procedure. For each procedure, the nuclear medicine staff should be clear in describing the importance of the specific information provided by the study.
DOSE REDUCTION IN PEDIATRIC NUCLEAR MEDICINE
Pediatric nuclear medicine should be optimized to provide the necessary clinical information while reducing the radiation risk to the patient (70, 71) . A study should be performed only if that study is appropriate for answering the clinical question being asked. The radiation dose for each procedure should be kept as low as possible. It is clear from the MIRD equation (Eq. 1) that the most easily controlled parameter FIGURE 7. Demonstration of 1 in 2,500 risk in comparison to 550 in 2,500. For example of 10-y-old receiving 99m Tc-MDP bone scan, excess attributable risk for cancer death is 1 in 2,500. In this figure, there are 2,500 small circles. Lone red star at lower right represents 1 case in 2,500 in which bone scan patient may contract fatal cancer. In addition, there are 550 dark blue circles that represent number of the original 2,500 that will naturally die of cancer (22%).
TABLE 6
Lifetime Risk of Death from Everyday Activities in United States (69) affecting radiation dose from nuclear medicine is the administered activity. Sometimes, clearance of the radioactivity can be slightly modified by keeping patients well hydrated and having them empty their bladders as often as possible. Unfortunately, the administered activity in pediatric patients has not been standardized. A survey was conducted among North American pediatric institutions inquiring as to the maximum activity administered to larger patients (e.g., 70 kg) for 16 commonly performed procedures, their methods of determining the activity for smaller patients, and their minimum activity administered to very small patients below which they would consider the study inadequate irrespective of patient size (72) . Most centers determined their activity for smaller patients on the basis of body weight. However, there was a large variation in the dosing schemes across all protocols among the institutions. The maximum administered activity and the activity per body mass varied by a factor of 3 on average and as much as a factor of 10 across the 16 protocols. The minimum administered activity varied by a factor of 10 on average and as much as a factor of 20 for 1 protocol. The radiopharmaceutical dosing schedule at many institutions was established several years ago on the basis of experience, the patient population, and the imaging equipment available at the time. The assumptions may no longer be valid given changes in practice and advances in instrumentation. For example, many institutions no longer evaluate the perfusion phase of the 99m Tc-MAG3 renogram. Without the necessity to have adequate counts for the perfusion-phase images, the administered activity can be reduced without compromising the analysis and interpretation of the study.
Advances in instrumentation also may facilitate reducing the administered activity. For example, with dual-detector rather than single-detector SPECT systems, the administered activity can be reduced. Focused collimators developed for use with cardiac SPECT may be applicable to imaging smaller patients as well. In PET, 3-dimensional (3D) rather than 2-dimensional acquisition leads to increased sensitivity. Although 3D PET is more susceptible to scatter and random coincidences from activity outside the field of view, these are less of an issue with small patients.
Improvements in reconstruction algorithms and image reconstruction allow for adequate image quality with significantly fewer counts, allowing the study to be performed with less administered activity. Ordered-subset expectation maximization iterative reconstruction with 3D resolution recovery has been investigated with respect to its use with pediatric 99m Tc-MDP bone scans and 99m Tc-dimercaptosuccinic acid renal scans (73, 74) . In both cases, adequate image quality was achieved with half the counts (and thus half the administered activity) using 3D ordered-subset expectation maximization as compared with conventional filtered backprojection. When adaptive filtering for noise reduction was applied to 99m Tc-MAG3 renal studies, the administered activity could be reduced by as much as 80% (75) .
With hybrid imaging, the radiation dose from CT also needs to be considered (32, 76 (77) . In this study, the CT component was acquired with diagnostic quality. The average dose per PET/CT scan was estimated to be 24.8 mSv. In their population, the average number of PET/CT scans per patient was 3.2 (range, 1-14 scans), for an average cumulative dose of 78 mSv (range, 6.2-399 mSv). The CT in this study was acquired as a diagnostic study, and it is possible to substantially reduce the radiation dose. Alessio et al. developed a scheme for pediatric 18 F-FDG PET/CT in which a diagnostic CT scan was previously acquired and CT was used for attenuation correction and anatomic correlation (78) . Using the Broslow-Luten color scheme to scale the CT tube current (tube voltage constant at 120 kVp) and scaling the 18 F-FDG administered activity by patient weight, the effective dose from the 18 F-FDG PET/CT scan was in the range of 8-13 mSv. One may also consider limiting the PET/CT scan to the portion of the body that is of interest. The dose from 18 F-FDG will not be reduced, but the dose from the CT will be affected. Very lowdose CT (e.g., 80 kVp and 5 mAs; perhaps a 70 times lower dose than for diagnostic CT) can be used for attenuation correction (30) . Therefore, one could scan the portion of the body that is of greatest interest using diagnostic CT and scan the remainder of the body with low-dose parameters. If there is a suggestive finding on the PET scan, the additional area could then be CT-scanned at diagnostic levels.
There have been several efforts to reduce the dose in pediatric nuclear medicine. For PET, Accorsi et al. estimated the optimum administered activity on the basis of the noiseequivalent counting rate (79) . The European Association of Nuclear Medicine has developed a pediatric scheme that uses a nonlinear approach to scaling the administered activity as a function of patient size (80) . More recently, a group of experts representing the SNM, Society for Pediatric Radiology, and American College of Radiology working with the Image Gently program reached a consensus on a scheme that scaled the administered activity by the patient's weight (81) . Any of these can be used to develop a dosing scheme that is most appropriate for each particular pediatric nuclear medicine clinic.
SUMMARY
Pediatric nuclear medicine provides invaluable diagnostic information for many clinical specialties. During these imaging procedures, patients are exposed to ionizing radiation and the small risk associated with its use. Recently, reports on the medical use of radiation have led to increased interest by the general public. There is particular concern for young children because they are more sensitive to radiation than adults. For these reasons, practitioners of pediatric nuclear medicine need to have a basic understanding of radiation risk and dosimetry, particularly of how they apply to nuclear medicine procedures, and of how best to communicate this information to patients and their families. We need to assure our patients that we understand these issues and are committed to obtaining excellent clinical results using the lowest possible administered activities and, thus, the minimum necessary risk.
